Introduction
The molecular recognition properties of proteins play a key role in controlling functionalities such as enzymatic activities and signal transduction. Therefore, many researchers have attempted to generate novel target-binding proteins using protein-engineering techniques (Qi et al., 2012; Ravn, 2012) . The selection of promising candidates from combinatorial protein libraries is a promising approach to constructing proteins that bind specifically to target molecules. Protein scaffolds which include an immunoglobulin fold are used for constructing specific binders for any target molecule (Binz et al., 2005; Hosse et al., 2006; Ståhl et al., 2013) . Native immunoproteins, single chain antibody (scFv), camelid singledomain antibody (VHH) (Hussack et al., 2012; Klooster et al., 2012) and fibronectin type III (FN3) protein (Koide et al., 2012) are used as scaffolds to generate binding proteins by engineering the loop regions. Z-domain of protein A (affibody) (Friedman et al., 2008; Kronqvist et al., 2011) and ankyrin repeat protein (Huber et al., 2007; Pecqueur et al., 2012) are engineered by targeting surface residues on the a-helices and b-strands. These binding proteins have a tendency to recognize target molecules that have compatible shapes due to the structural rigidity of the scaffold proteins. It is noteworthy that native proteins can easily change their molecular recognition properties via mutagenesis, but the low robustness of native protein scaffolds makes it difficult to predict their surface structures and engineer structural variants.
Meanwhile, de novo designed proteins isolated from combinatorial libraries have the potential to form a variety of three-dimensional structures with various stabilities (Urvoas et al., 2012) . For example, a small (103 residues) de novo protein with three a-helices and three b-strands (a3b3) have been constructed using an artificially designed genetic library encoding simplified amino acid sets (Jumawid et al., 2009; Okura et al., 2012) (Fig. 1) . Applying a method to screen for proteins that fold into a stable tertiary structure, several a3b3 de novo proteins were characterized as a set displaying a variety of structural properties. One of the selected proteins, vTAJ13, exhibited native-like structural properties, while the structure of another protein, vTAJ36, had molten globule-like features. Interestingly, the amino acid composition of both vTAJ13 and vTAJ36 is similar and contain few aromatic amino acids that are generally important for molecular recognition (Fig. 1B) . If these artificially constructed proteins could be engineered to bind to target molecules, it might be possible to generate specific binders against a variety of molecules including not only small organic compounds, but also large molecules such as proteins.
Here, we attempted to generate engineered proteins capable of binding target molecules using a3b3 de novo protein scaffolds (Fig. 1A) . We constructed two phage libraries based on vTAJ13 and vTAJ36 by engineering the loop regions by random mutagenesis. The binding proteins displayed on phage were screened against fluorescein as a small organic target compound and green fluorescent protein (GFP) as a typical target protein. The selected proteins from the both libraries showed affinities of 10 27 -10 28 M against both targets while retaining their secondary structures. Our findings show that de novo proteins composed of simplified amino acids can be engineered to generate specific binders against a variety of target molecules.
Materials and methods

Chemicals and reagents
All chemicals and solvents were of reagent or HPLC grade. Escherichia coli XL1-Blue was purchased from Stratagen. Dynabeads M-270 carboxylic acid was purchased from Dynal. Anti-M13 phage antibody conjugated with horseradish peroxidase (HRP) was purchased from GE healthcare. Ni-NTA magnetic beads were purchased from QIAGEN.
Circular dichroism measurement
Circular dichroism (CD) spectra of the vTAJ13, vTAJ36 and the selected proteins were measured on a J-720WI spectropolarimeter (JASCO) equipped with a thermo-regulator and a quartz cell with 2.0 mm path length in the region of 195-250 nm. In the denaturation assay using Gdn . HCl, CD signals at 222 nm of each protein (2.5 mM) were collected from 0 to 5 M of Gdn . HCl concentrations in 50 mM phosphate (pH 7.5) containing 100 mM NaCl. The denaturation curves were fitted to the equation 
Construction of the phage libraries
For the preparation of phage libraries (vTAJ13lib and vTAJ36lib), six codons encoding two GHG sequences at linkers 2 and 4 of vTAJ13 and vTAJ36 were replaced by the degenerate codons (NNK, where N ¼ A/G/C/T and K ¼ T/G). These libraries were constructed using pComb3 system (Barbas et al., 1991; Fujii et al., 1998; Takahashi et al., 2001) . These protein libraries were displayed on minor coat protein III of a filamentous phage via (GGGS) 2 as a linker and E-tag.
Selection of the phage-displayed library against fluorescein and GFP
For affinity selection of vTAJ13lib and vTAJ36lib against fluorescein, fluorescein was immobilized on magnetic beads by the modification of the hydroxyl group of the fluorescein moiety. A flexible linker formed by polyethylene glycol connected the fluorescein moiety and magnetic beads. The phage library was incubated with the fluorescein-modified magnetic beads for 1.5 min-24 h at 4 -378C. After washing with phosphate-buffered saline (PBS, pH 7.5) and/or PBS containing 0.1% (v/v) Tween 20 (PBST), the bound phage were eluted by addition of fluorescein (2 mM) in PBS or glycine . HCl buffer ( pH 2.2), and then were reinfected to XL1-Blue cells. Transformed cells were grown, and the phage were rescued by addition of VCS-M13 helper phage. For affinity selection against GFP, the phage library was incubated with GFP having a six histidine tag in the presence or absence of Ni-NTA magnetic beads for 1.5 min or 2 h at room temperature. When incubated with free GFP, Ni-NTA magnetic beads were added, and then the beads were collected. After washing with PBST, the bound phage were eluted by addition of glycine . HCl buffer ( pH 2.2), and then the phage were rescued as described above. After the several rounds of biopanning, the binding clones were determined by enzyme-linked immunosorbent assay (ELISA). Fluorescein conjugated with bovine serum albumin (BSA) or GFP was absorbed on a 96-well plate in PBS. After washing with PBS and/or blocking with 1% BSA, phage clones purified with polyethylene glycol precipitation were added and incubated for 2 h at room temperature. After washing with PBS (Â3), anti-phage antibody conjugated with HRP was added and incubated for 1 h at room temperature. After washing with PBS (Â3), a fluorogenic HRP substrate (QuantaBlu, Thermoscientific) was added and fluorescence at 460 nm was measured when excited at 355 nm.
Production of selected proteins
For the production of selected proteins, the genes corresponding to the a3b3 proteins were inserted into a vector, pET28a(þ) (Novagen). The plasmids were transferred to E. coli. Rosetta(DE3)pLysS cells (Novagen). These cells were grown in Luria-Bertani media at 378C with kanamycin (34 mg/ml) to OD 600 ¼ 0.6, and then the protein production was induced by addition of isopropyl-b-D-thiogalactopyranoside (1 mM). After incubation for 5 h at 308C, the cells were harvested by centrifugation, the pellets were resuspended in a buffer (20 mM Tris-HCl, 0.5 M NaCl, pH 8.0) and the cells were broken by sonication. The resulting solids, which are inclusion bodies, were washed with PBS containing 4% Triton X-100 and water. After solubilization of the inclusion bodies using Gdn . HCl (6 M), the solution was diluted into PBS and concentrated by ultrafiltration. The refolded proteins were purified by size-exclusion chromatography (SEC) using a Superdex 75 column (GE Healthcare). The protein concentration was determined by amino acid analysis using phenyl isothiocyanate (PTC) method on a Wakopack WS-PTC column (Wako Chemical) and/or bicinchoninic acid assay.
Surface plasmon resonance measurements
The binding properties (K d , k on and k off ) of the selected proteins with the target compounds were measured by surface plasmon resonance (SPR) on Biacore X (Biacore). 11-Azido-3,6,9-trioxaundecan-1-amine was reacted with the carboxyl group of sensor chip CM5 (GE Healthcare) using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide (Pearson et al., 2007) . O-propargylated fluorescein was reacted with the azido group of the sensor chip surface using CuSO 4 and ascorbic acid to prepare the fluorescein-modified surface on the sensor chip. GFP was immobilized via Ni-NTA on sensor chip NTA (GE Healthcare). SPR measurements were performed in 50 mM phosphate ( pH 7.5) containing 100 mM NaCl and 0.1% (v/v) Tween 20 for fluorescein, and in 10 mM HEPES ( pH 7.4) containing 150 mM NaCl, 50 mM ethylenediaminetetraacetic acid and 0.05% (v/v) Tween 20 for GFP. The kinetic data were analyzed using the one-to-one binding model in BIAevaluation (BIAcore). Thermodynamic parameters were determined from the temperature dependence (5, 15, 25 and 358C) of the reaction free energy DG ¼ RTlnK d .
Results and discussion
Characterization of the a3b3 de novo proteins, vTAJ13 and vTAJ36
To evaluate the structural stability of the parent proteins, vTAJ13 and vTAJ36, CD studies in the presence and the absence of a denaturant were performed (Table I and Fig. 2 ). Similar spectra derived from a3b3 structures were observed for vTAJ13 and vTAJ36 in the absence of denaturant. However, at a low concentration of guanidine (0.5 -1.0 M), the intensity at 222 nm of vTAJ36 decreased but that of vTAJ13 remained unchanged. This result indicated that vTAJ36 is less stable than vTAJ13. The free energy (DG H 2 O ) of folding for vTAJ13 was calculated to be 213 kJ mol 21 , which is twice the value for vTAJ36 (26.6 kJ mol
21
). The denaturation of vTAJ13 exhibited sigmoidal behavior, similar to those obtained from well-packed native proteins (Shortle and Meeker, 1986; Myers et al., 1995) . The structural differences between vTAJ13 and vTAJ36, which have native-like and molten globule-like structures, respectively, were also supported by the results from 2-anillinosulfonate binding assays, reported previously (Jumawid et al., 2009 ).
Construction and biopanning of two libraries based on vTAJ13 and vTAJ36 scaffolds
In order to generate the recognition sites for the a3b3 de novo proteins, two linker sequences located between a2 and a3 (linker 2) and between b1 and b2 (linker 4) of vTAJ13 and vTAJ36 were chosen (Fig. 1) . Each linker of the parent proteins had the sequence of GGHGG. For the binding proteins, the three middle amino acids (GHG) at linkers 2 and 4 of vTAJ13 and vTAJ36 were replaced with three randomized residues to generate two libraries (vTAJ13lib and vTAJ36lib, respectively). The selected linker regions of vTAJ13 were Construction of proteins with molecular recognition capabilities spatially close to each other, as judged by the long-range NOEs, were observed between a2 and b1. Each phagemid vector encoding vTAJ13lib or vTAJ36lib was constructed on pComb3 (Barbas et al., 1991; Fujii et al., 1998; Takahashi et al., 2001) . Phage particles displaying these engineered a3b3 proteins were prepared and panned against fluorescein and GFP as target molecules. Binding clones, determined by ELISA, were analyzed by DNA sequencing; the amino acid compositions are summarized in Table II . The frequency of Arg residues in both vTAJ13lib and vTAJ36lib was increased by biopanning against fluorescein. Since the target molecule, fluorescein, has a negatively charged carboxyl group, positively charged arginine could contribute to the binding of the selected proteins by making an electrostatic contact. On the other hand, biopanning against GFP tended to enrich the aliphatic amino acids such as Val, Leu and Thr in vTAJ13lib and Ala, Leu and Thr in vTAJ36lib. This finding suggested that the proteins selected by biopanning against GFP bound to GFP by hydrophobic interactions. These differences in amino acid composition between the libraries also suggested that the screening against fluorescein and GFP were correctly conducted under the appropriate selective pressure. Interestingly, glycine appeared more frequently, especially at linker 4, in vTAJ13lib than that in vTAJ36lib by biopanning against both fluorescein and GFP. It appears that the glycine residues of vTAJ13 help to form a specific structure and several glycine residues are necessary to recognize the target molecules, fluorescein and GFP.
Comparison of binding properties of selected proteins between vTAJ13 and vTAJ36 scaffolds
To evaluate the binding properties of the selected proteins, 11 and 10 variants after biopanning against fluorescein from vTAJ13lib and vTAJ36lib, respectively, were chosen based on the consensus or similar sequences. Two sets of four protein variants after biopanning against GFP were also selected. These proteins were individually expressed in E. coli and purified by SEC. The affinities of the selected proteins for fluorescein and GFP were investigated by SPR (Tables III and IV) . The dissociation constants (K d ) of the selected proteins for their target molecules were in the range of 10 26 -10 28 M, even though the K d values of the parent proteins, vTAJ13 and vTAJ36, were even .10 25 M for fluorescein and GFP. These findings indicate that the selection cycles of vTAJ13lib and vTAJ36lib enriched the protein variants capable of binding to the target molecules, demonstrating that the a3b3 de novo proteins can act as scaffolds for generating target-binding proteins.
The association rate constants (k on ) vs. dissociation rate constants (k off ) were plotted (Fig. 3 ) in order to compare the effect of structural differences between the vTAJ13 and vTAJ36 scaffolds on their binding kinetics to the target molecules. When comparing k on and k off , the k on values of most of the selected proteins from vTAJ36lib were distributed more broadly and tended to be larger than those from vTAJ13lib against both target molecules. In contrast, the k off values of the selected proteins from both vTAJ13lib and vTAJ36lib were similarly distributed. These results indicated that the binding ability of the selected proteins with the vTAJ13 structure for the target molecules is largely acquired by decreasing the k off values. Since vTAJ13 can form a more stable structure than Construction of proteins with molecular recognition capabilities does vTAJ36, the selected proteins from vTAJ13lib are more likely to maintain structural characteristics similar to the parent vTAJ13 protein compared with proteins selected from vTAJ36lib. It is likely that the structural similarities of the selected proteins from vTAJ13lib affect the k on values for binding to the fluorescein and GFP. On the other hand, the larger distribution of k on values of the selected proteins from vTAJ36lib might indicate that the vTAJ36 scaffold has structural characteristics similar to natively unfolded proteins (Vamvaca et al., 2008; Huang and Liu, 2009 ).
Binding characteristics of the c13f10 and c36e18 proteins for fluorescein
The binding specificities of two proteins exhibiting highbinding affinities for fluorescein, c13f10 and c36e18, were evaluated by SPR. Three control compounds, rhodamine B, fluorescein methyl ester (Flu-Me) and 1-hydroxybenzotriazole (HOBt), were agents (Fig. 4A) . Rodamine B and Flu-Me were chosen to estimate how the proteins recognize the fluorescein structure, and HOBt was used as a control compound for the fluorescein-conjugated beads which contain a triazole ring, used during biopanning. Prior to SPR measurements, each protein was mixed with fluorescein (100 mM) or the control compound (100 mM), then the mixed solution was flowed onto a fluorescein-modified sensor chip. The response units of the sensorgram after 180 s were plotted ( Fig. 4B and C) . When c13f10, selected from vTAJ13lib, was incubated with fluorescein as a competitor, the response unit of the sensorgram was ca. five times lower than that in the absence of fluorescein, showing that the binding of c13f10 with fluorescein in solution suppressed the interaction of c13f10 with the fluorescein moiety on the sensor chip. The addition of Flu-Me to c13f10 also decreased the response units, but the effect was weaker than that of fluorescein. In contrast, rhodamine B moderately decreased the response units, indicating that the binding affinity of c13f10 for rhodamine B was lower than that for fluorescein. Moreover, HOBt did not affect the binding of c13f10 with fluorescein. These results indicated that the selected protein, c13f10, could recognize the overall structure of fluorescein, including both the xanthene and benzoic acid groups. On the other hand, these competitors (rhodamine B, Flu-Me and HOBt) did not strongly influence the binding of c36e18 with fluorescein, suggesting that c36e18 protein might recognize the whole fluorescein-linker conjugate structure.
SPR measurements were also performed at several temperatures to determine the thermodynamic parameters of c13f10 and c36e18 for binding to fluorescein. ). It thus appears that a less stable scaffold can more easily adopt a polypeptide conformation for binding to the target without sacrificing stability. Consequently, the lower structural rigidity of c36e18 might result in lower binding specificities to the target compared with c13f10 as shown in Fig. 4 .
Binding characteristics of g13d2 and g36d3 to GFP
The proteins that exhibit higher binding activities for GFP, g13d2 and g36d3, were assessed to evaluate their binding specificities to the target molecule. The binding affinities for red fluorescent protein (RFP) (Merzlyak et al., 2007) , which is highly homologous to GFP and is isolated from sea the anemone, Entacmaea quadricolor, and for glutathione S-transferase (GST), which is not homologous to GFP, were determined by the SPR measurements. No signal was detected when g13d2 (5 mM) was flowed over a sensor chip containing immobilized GST or RFP, even though the protein bound to GFP with K d ¼ 270 nM. This finding suggested that g13d2 can specifically recognize the GFP molecule. Interestingly, decreasing the temperature in SPR measurements decreased the binding affinity of g13d2 for GFP, indicating that the binding of g13d2 with GFP is entropy driven. Since g13d2 has the VRT and GWA sequences in linkers 2 and 4, respectively, hydrophobic interactions between the Val and Trp residues of g13d2 and the surface hydrophobic amino acids of GFP likely contribute to enhancing the binding affinity and specificity. In contrast, the selected protein g36d3 from vTAJ36lib bound to GFP with K d ¼ 21 nM, a value which indicates an affinity 13 times higher than that of g13d2. Since the binding affinities of the proteins from vTAJ36lib for GFP tended to be higher than those from vTAJ13lib (Table IV) , the flexible structure of vTAJ36 seems to be suited for the binding to GFP, which would require a large surface area compared with that required for binding to fluorescein. The g36d3 protein also bound to RFP with an affinity similar to that for GFP, and to GST with K d ¼ 110 nM, a value which indicates a five times lower affinity for GST than for GFP. It is likely that the structural flexibility of vTAJ36 scaffold, which has a molten globule-like structure, provides a broad binding specificity to g36d3.
Conclusion
To demonstrate the utility of de novo designed artificial proteins as molecular recognition tools, we used a3b3 de novo proteins, vTAJ13 and vTAJ36, to generate proteins capable of binding to two target molecules, fluorescein and GFP. The study revealed that just six amino acids in the linker regions of a3b3 de novo proteins allow recognition of the target molecules with affinities of 10 27 -10 28 M. Importantly, the vTAJ13 scaffold is superior for generating specific binders against target molecules, probably due to its native-like stable structure compared with the vTAJ36 scaffold that forms a molten globule-like structure. Our findings highlight the utility of de novo protein scaffolds, which are composed of a simplified amino acid set, for providing a promising tool for constructing highly specific binding proteins.
